INTRODUCTION
============

Acute renal failure (ARF) is characterized by a rapid decline in glomerular filtration rate (GFR) over hours to days, and the retentions of nitrogenous waste products. The mortality rate of patients with ARF has remained 25-70% despite the use of various pharmacologic agents ([@B1]). Therefore, a new therapeutic agent is required to promote renal function recovery and a noninvasive early biomarker is needed to determine the presence of early ARF.

The anticancer drug cisplatin is one of the most active drugs used to treat tumors ([@B2], [@B3]). Furthermore, cisplatin may induce injury to renal tubular epithelial cells and subsequent renal failure ([@B4]).

Bagnis et al. ([@B5]) reported that human recombinant erythropoietin (EPO) enhances recovery from cisplatin-induced ARF in the rats, which suggests that EPO acts directly on damaged tubular cells and stimulates their regeneration. EPO is a cytokine that is produced primarily in the kidneys ([@B6]), and which regulates the differentiation and proliferation of erythroid progenitor cells. However, its effects may not be limited to bone marrow progenitor cells, because in vitro, human recombinant EPO stimulates endothelial cell proliferation ([@B7]) and angiogenesis ([@B8]).

The 5-lipoxygenase (LOX) inhibitor, nordihydroguaiaretic acid (NDGA), is a simple lignin and is found in evergreen shrubs, such as the creosote bush (*Larrea tridentata* or *Larrea divarita*), which has a worldwide distribution. The creosote bush is used in traditional medicine to treat more than 50 illnesses, such as rheumatism, diabetes, sterility, gallbladder and kidney stones ([@B9]-[@B15]). Furthermore, LOX inhibitors have been reported to have protective effects on ileal motor disturbances induced by endotoxins ([@B16]), to promote adaptation following massive bowel resection ([@B17]), and to aid the correction of coronary spasms of immune origin ([@B18]).

Most studies reported previously, were designed to administer drugs before or at the same time of renal insult. However, most therapeutic agents are usually administered after the expression of clinical diseases. Therefore we hypothesized that EPO and NDGA might affect the course of tubular repair after the onset of cisplatin-induced ARF, and thus, accelerate renal recovery in the rats.

MATERIALS AND METHODS
=====================

Drugs and reagents
------------------

Cisplatin (Cisplan®, Dong-A Pharm., Seoul, Korea) was provided as a powder dissolved in saline (1 mg/mL). Human recombinant EPO (Epoetin beta; Recormon®, Roche, Switzerland) was provided as a 2,000 IU/mL solution. The 5-LOX inhibitor, NDGA (6-dimethylamino-9 \[3\' amino-3\' deoxyribosyl\] purine, Sigma Chemical Co., St. Louis, MO, U.S.A.) was provided as a powder dissolved in dimethyl sulfoxide (DMSO) solution.

Animals
-------

Male Sprague-Dawley rats (n=40), initially weighing 200-250 g were kept in individual metabolic cages with free access to standard chow and water. The rats were divided into four groups: 1) the normal control group (n=10); 2) the Cisplatin group (n=10)-Cisplatin induced ARF plus vehicle; 3) the Cisplatin+NDGA group (n=10)-Cisplatin induced ARF plus NDGA; 4) the Cisplatin+EPO group (n=10)-Cisplatin induced ARF plus EPO. Animals were clinically investigated and subjected to standard laboratory tests for one week before being sacrificed for kidney removal. All experiments were performed in accordance with the National Institute\'s of Health \'*Guiding Principles for the Care and Use of Laboratory Animals*\'.

Treatment schedule
------------------

On day 1, ARF was provoked by a single intraperitoneal (i.p.) injection (6 mg/kg body weight) in the Cisplatin, Cisplatin+NDGA, and Cisplatin+EPO groups. Control rats received an identical volume of normal saline.

On day 4, serum and 24 hr urine samples were obtained to confirm the onset of ARF. After induction of ARF, rats were treated with vehicle, NDGA, or EPO from day 4 to 10 as follows; the 10 rats in the Cisplatin+NDGA group were injected daily with NDGA (10 mg/kg/day; s.c.), the 10 rats in the Cisplatin+EPO group with EPO (100 IU/kg/day; s.c.), the 10 rats in the Cisplatin group and the 10 rats in the control group were also injected s.c. with vehicle (volumes equivalent to the NDGA injections).

On days 1, 4, and 10, serum and 24 hr urine samples were collected to determine biochemical parameters. Serum samples were obtained from the retro-orbital plexus to measure hemoglobin (Hb), hematocrit (Hct), urea nitrogen (BUN), creatinine (SCr), sodium (Na), and potassium (K). Twenty four-hour urine samples were collected in metabolic cages to determine urine volumes, and urea nitrogen, Cr, Na, and K levels. Twenty four-hour urine Cr clearances (CCr) were viewed as surrogates of GFR.

Histological examination
------------------------

On day 10, all rats were sacrificed by injecting ketamine (i.p.) under general anesthesia. Rats were perfused through left ventricles with saline and kidneys were removed immediately for histological examinations. Semi-quantitative analysis was performed on kidney sections in a blind manner. Tubular lesions were graded as follows (5): 0=no damage; 1+=areas of tubular epithelial cell swelling, vacuolization, necrosis, and desquamation \<50%; 2+=lesion areas \>50% with or without focal involvement of the S3 segment of medullary rays; 3+=lesion areas 100% with diffuse involvement of medullary rays. Immunostaining for proliferating cell nuclear antigen (PCNA) was performed using the ABC procedure ([@B5]). Kidneys were fixed in 15% formalin overnight, ethanol dehydrated, and paraffin embedded. Sections were then incubated for 3×5 min in a microwave oven for PCNA labeling, for 5 min with goat non-immune serum to reduce non-specific background staining, and for 1 hr at room temperature with specific antibody diluted in 10% goat serum. After a 10-min rinse in PBS, sections were incubated for 10 min at room temperature with a biotinylated goat anti-mouse IgG antibody, treated with avidin-biotin-peroxidase complex, and then with 3,3\' diaminobezidine. The sections were counterstained with hematoxylin and mounted in Eukit. Each tissue sample stained for PCNA was viewed and scored by a pathologist blinded to the treatment received. Quantification of tubular cells was performed with an image analyzer computer system (Cambridge Instrument Q250 Rueil Malmaison, France) on 20 fields (area field: 0.109 mm^2^) outside the glomerular area. Renal tissue samples were divided into cortical and cortico-medullary area for quantification of staining ([@B5]).

Statistical analyses
--------------------

All values are presented as means±SD. Two-way ANOVA and post-hoc analysis (Tukey test) were used throughout. Statistical significance was accepted for *p* values of \<0.05.

RESULTS
=======

Induction of ARF
----------------

On day 1, no significant differences were evident between the four groups in terms of body weight, serum Hb, BUN, SCr, 24 hr urine volume, Na and CCr ([Table 1](#T1){ref-type="table"}).

On day 4 (three days after injecting of cisplatin), rats in the Cisplatin, Cisplatin+NDGA, and Cisplatin+EPO groups lost weight (203.0±2.8 to 176.0±25.4, 206.0±5.5 to 168.0±5.7, and 203.0±2.7 to 169.0±6.5 g, respectively), whereas rats in the control group gained weight (203.0±2.7 to 226.0±6.5 g) (*p*\<0.05). Mean serum BUN of the Cisplatin, Cisplatin+NDGA, and Cisplatin+EPO groups (the three treatment groups) were significantly higher (154.6±60.1, 209.6±35.0, and 155.8±43.7 mg/dL, respectively) than that of the control group (12.6±1.9 mg/dL) (*p*\<0.05). Mean SCr of the three treatment groups were also significantly higher (2.0±0.7, 1.7±0.3, and 1.8±0.4 mg/dL, respectively) than that of the control group (0.4±0.1 mg/dL) (*p*\<0.05). However, CCr were significantly lower in the three treatment groups (0.11±0.05, 0.12±0.10, and 0.21±0.07 mL/min, respectively) than in the control group (1.30±0.24 mL/min) (*p*\<0.05), as were 24 hr urine Na concentrations (UNa) (37.4±17.5, 58.9±11.2, and 65.4±29.1 mL/min, respectively, vs. 135.8±5.2 mEq/L) (*p*\<0.05). On the other hand, fractional excretions of Na (FE~Na~) in the three treatment groups were significantly higher (3.3±3.8, 6.8±5.7, 3.7±1.5%, respectively) than in the control group (0.5±0.1%) (*p*\<0.05), as were renal failure indices (RFI) (4.6±5.2, 9.3±7.6, and 5.1±2.1, respectively, vs. 0.7±0.1) (*p*\<0.05) ([Table 1](#T1){ref-type="table"}).

Effects of NDGA and EPO on renal function recovery
--------------------------------------------------

On day 10 (after 7 daily injections of NDGA or EPO), controls gained weight (226.0±6.5 to 242.0±9.8 g), whereas Cisplatin group rats lost weight (176.0±25.4 to 172.0±10.9 g). Cisplatin+NDGA and Cisplatin+EPO groups were significantly heavier than Cisplatin group (217±12.0, and 188.0±7.6, respectively, vs. 172.0±10.9 g) (*p*\<0.05).

On day 10, serum Hb levels in the Cisplatin+EPO group were significantly higher than in the Cisplatin and Cisplatin+NDGA groups (15.7±0.4 vs. 14.0±0.3 and 13.7±0.3 g/dL, respectively) (both *p*\<0.05 vs. Cisplatin and Cisplatin+NDGA group).

On day 10, BUN concentrations in the Cisplatin+NDGA group were significantly decreased from day 4 (209.6±35.0 to 22.6±10.5 mg/dL) (*p*\<0.05 vs. Cisplatin group). Similarly, BUN in the Cisplatin+EPO group were significantly decreased from day 4 (155.8±43.7 to 27.8±3.8 mg/dL) (*p*\<0.05 vs. Cisplatin group) ([Fig. 1A](#F1){ref-type="fig"}). SCr in the Cisplatin+NDGA and Cisplatin+EPO groups were also significantly decreased from day 4 (1.7±0.3 to 1.2±0.5, and 1.8±0.4 to 0.8±0.2 mg/dL, respectively) (both *p*\<0.05 vs. Cisplatin group) ([Fig. 1B](#F1){ref-type="fig"}). CCr in the Cisplatin+EPO group on day 10 recovered significantly from day 4 (0.21±0.07 to 0.94±0.49 mL/min) (*p*\<0.05 vs. Cisplatin group). However, the Cisplatin+NDGA group showed only a tendency to recover (0.12±0.10 to 0.32±0.25 mL/min) (*p*\>0.05) ([Fig. 1C](#F1){ref-type="fig"}). UNa in the Cisplatin+NDGA group on day 10 were significantly increased from day 4 (58.9±11.2 to 78.7±10.6 mEq/L) (*p*\<0.05 vs. Cisplatin group), but this was not the case in the Cisplatin+EPO group ([Fig. 1D](#F1){ref-type="fig"}). FE~Na~ and RFI values in the Cisplatin+NDGA and Cisplatin+EPO groups showed a tendency to diminish from day 4 to day 10 (*p*\>0.05).

Effects of NDGA and EPO on renal histology
------------------------------------------

All rats in the three treatment groups showed structural damage, although glomeruli and vessels were normal. Changes were limited to tubules, usually the proximal straight S3 portion in the outer medulla. Semi-quantitative assessments of histological lesions produced significantly higher scores for the three treatment groups than the normal controls at day 10. However, no significant differences were observed between the three treatment groups ([Table 2](#T2){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). Numbers of PCNA-positive cells were significantly higher in the cortical and cortico-medullary areas of kidneys in the Cisplatin, Cisplatin+NDGA and Cisplatin+EPO groups than in the normal controls. After treatments of NDGA, the number of PCNA-positive cells was significantly higher than in the Cisplatin group. However, no significant difference was observed in the Cisplatin+EPO group ([Table 3](#T3){ref-type="table"}, [Fig. 3](#F3){ref-type="fig"}).

DISCUSSION
==========

Cisplatin is widely known to induce ARF as a result of renal tubular epithelial cell injury. This cytotoxicity is considered to be due to several factors, e.g., the peroxidation of cell membranes, mitochondrial dysfunction, inhibition of protein synthesis, and DNA damage ([@B19]-[@B22]). Cisplatin accumulates in renal tubular cells to a concentration approximately five times higher than its extracellular concentration, and this uptake is most prominent in the S3 segment of proximal tubules. Experimental prevention of cisplatin-induced ARF has been achieved by intensive hydration (mainly with chloride containing salts) and by administering diuretics ([@B23]-[@B25]).

Recently, several researchers have suggested that human recombinant EPO might enhance recovery from cisplatin-induced ARF or ischemic injury in the rats. The data presented suggest that EPO accelerates renal recovery by inducing hemodynamic improvements and by stimulating tubular cell regeneration ([@B5], [@B26]). EPO is a cytokine that specifically regulates the differentiation and proliferation of erythroid progenitor cells, and the proliferating effect of EPO has also been demonstrated in other types of cells, like endothelial cells ([@B7]), which also possess an EPO receptor ([@B27], [@B28]). Furthermore, the expressions of specific high-affinity EPO binding sites have been demonstrated in rat and mouse megakaryocytes ([@B29]), which explain why platelet counts increase in patients on high dose EPO ([@B30]). Furthermore, tubular and mesangial cells also express EPO receptor mRNA ([@B31]), which suggests that EPO acts as a renotropic cytokine.

NDGA is a potent inhibitor of lipoxygenase activity and a strong antioxidant. It has been reported to reduce proteinuria and systolic blood pressure in diabetic rats, possibly via hemodynamic improvements induced, at least in part, by the maintenance of glutathione (GSH; an antioxidant enzyme) levels by NDGA within normal physiologic limits ([@B32]). In addition, NDGA is reported to protect ileal motor disturbances ([@B16]), to promote bowel adaptation ([@B17]), and to control coronary spasms of immune origin ([@B18]). Therefore we expected that NDGA might have regenerative and immunomodulating properties similar to EPO.

In the present study, we assessed the effects of NDGA and EPO on rapid renal recovery of cisplatin-induced ARF. Both EPO and NDGA were found to have a renoprotective effect and to accelerate the recovery of damaged renal tubular epithelial cells. EPO was found to accelerate renal recovery, which is in accordance with the results of previous studies. However, these indices may also have been affected by hemodynamic improvements due to the correction of anemia. NDGA also decreased BUN and SCr, and increased UNa significantly. In addition, NDGA also enhanced renal function without affecting Hb levels. PCNA is an auxiliary protein to DNA polymerase δ, and it is expressed in nucleus strongly in late G1 and S phases of the cell cycle. Therefore PCNA antibodies are used as tools for detecting proliferating cells. The present study showed more increased PCNA-positive cells in the Cisplatin+NDGA group than in the Cisplatin group, and also showed a tendency to increase in the Cisplatin+EPO group. These results suggest that NDGA might act directly via stimulation of tubular cell regeneration even in the setting of post-treatment.

The management of acute tubular necrosis still hinges on the prevention and treatment of uremic complications until renal function spontaneously recovers. A number of agents have been investigated to determine whether they can attenuate injury or hasten recovery in ischemic and nephrotoxic acute tubular necrosis, but unfortunately, no agent has been found to reduce the incidence of acute tubular necrosis or to reduce dialysis requirements or mortality.

The present study suggests that EPO and also NDGA may accelerate renal function recovery by stimulating tubular epithelial cell regeneration even after clinical onset of ARF. Furthermore, our findings indicate that NDGA has therapeutic potential, which we consider warrants further investigation in man.

![Changes of mean serum and 24 hr urine parameters in the four groups. (**A**) Significant reductions in BUN levels were observed in the Cisplatin+NDGA and Cisplatin+EPO groups between Day 4 and Day 10. (**B**) Significant serum creatinine decreases were observed in the Cisplatin+NDGA and Cisplatin+EPO groups between Day-4 and Day-10. (**C**) Significant creatinine clearance increases were observed in the Cisplatin+EPO group between Day-4 and Day-10. (**D**) Significant Na concentration increases in urine were observed in the Cisplatin+NDGA group between Day-4 and Day-10. ^\*^*p*\<0.05 vs. Cisplatin group. Normal controls (dashed line,○), Cisplatin (□), Cisplatin+NDGA (•), Cisplatin+EPO (♦).](jkms-24-S170-g001){#F1}

![Histological aspects of the rat corticomedullary junction 10 days after cisplatin administration showing tubular epithelial cell swelling, vacuolization, necrosis, and desquamation affecting primarily the proximal tubule. NDGA and EPO did not modify the effects of cisplatin on renal histology (×400, PAS).](jkms-24-S170-g002){#F2}

![PCNA-positive cells in Cisplatin+NDGA group. PCNA staining showing large nuclei of regenerating cells on day 10 (×400).](jkms-24-S170-g003){#F3}

###### 

Basal parameters before and after induction of acute renal failure in the four experimental groups
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NDGA, nordihydroguaiaretic acid; EPO, erythropoietin; BUN, blood urea nitrogen.

###### 

Semi-quantitative evaluation of historical lesions at day 10
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0=no damage; 1+=area of tubular epithelial cell swelling, vacuolization, necrosis, desquamation of \<50%; 2+=lesion areas \>50% with or without focal involvement of the S3 segment in the medullary rays; 3+=lesion areas 100% with diffuse involvement of medullary rays.

NDGA, nordihydroguaiaretic acid; EPO, erythropoietin; BUN, blood urea nitrogen.

###### 

Numbers of tubular cell nuclei stained with proliferating cell nuclear antigen (PCNA) in the cortical and cortico-medullary areas at day 10
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^\*^*p*\<0.05 vs. normal controls; ^†^*p*\<0.05 vs. Cisplatin group.

NDGA, nordihydroguaiaretic acid; EPO, erythropoietin; BUN, blood urea nitrogen.
